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Based on their extracellular expression and targeting of the clock gene Bmal1, miR-142-3p and miR-
494 were analyzed for evidence of vesicle-mediated communication between cells and intracellular
functional activity. Our studies demonstrate that: miR-142-3p + miR-494 overexpression decreases
endogenous BMAL1 levels, increases the period of Per2 oscillations, and increases extracellular
miR-142-3p/miR-494 abundance in conditioned medium; miRNA-enriched medium increases
intracellular expression of miR-142-3p and represses Bmal1 30-UTR activity in naïve cells; and
inhibitors of vesicular trafﬁcking modulate intercellular communication of these miRNAs and
ensemble Per2 rhythms. Thus, miR-142-3p and miR-494 may function as cis- and trans-acting
signals contributing to local temporal coordination of cell-autonomous circadian clocks.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction and how populations of circadian clocks in the periphery maintainThe generation of mammalian circadian rhythms is mediated by
a timekeeping system consisting of a hierarchy of endogenous,
cell-autonomous circadian clocks in which the suprachiasmatic
nucleus (SCN) of the anterior hypothalamus functions as a master
pacemaker and peripheral clocks located throughout the body pro-
vide for the local coordination of tissue- or cell-speciﬁc processes
in time [1–3]. Interactions between Bmal1, Clock, as well as the
Per and Cry genes form feedback loops that comprise the molecular
gears of the circadian timekeeping mechanism common to both
SCN and peripheral cell-autonomous clocks [4–7]. Identiﬁcation
of the signaling molecules mediating this hierarchical organization
of central and peripheral circadian clocks is therefore of paramount
importance for understanding how cell-autonomous clocks in the
SCN are coupled to generate high-amplitude circadian outputslocal time for tissue-speciﬁc processes.
While analysis of the intercellular signals mediating the local
coordination of multiple cellular clocks in the SCN and in the
periphery has mainly focused on protein-based diffusible factors,
microRNAs (miRNAs) have recently garnered some attention in this
context as putative extracellular signals. MiRNAs are evolutionarily
conserved small non-coding RNAs that contribute to the post-
transcriptional regulation of 20–30% of the mammalian mRNA
transcriptome [8–11] and play key roles in a wide array of biologi-
cal processes [11–14]. Mature miRNAs associate with components
of the RNA-induced silencing complex (RISC) and interact with spe-
ciﬁc elements in the 30-untranslated regions (UTRs) of target genes,
producing translational repression and/or mRNA destabilization
[15,16]. Besides their cytosolic localization and established role in
the intracellular regulation of speciﬁc mRNA transcripts, miRNAs
are expressed extracellularly in the circulation in vivo and in condi-
tioned cell culture medium in vitro [17,18] and importantly, these
membrane-boundmiRNAs are communicated from donor to recipi-
ent cells, where their biological activity is preserved [19,20].
Because miRNAs have been implicated in the regulation of
mammalian circadian rhythms [21–25], the present study exam-
ined the role of extracellular miRNAs in regulating core molecular
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cellular clocks. Our analysis focused on miR-142-3p and miR-494
based on previous evidence for their extracellular expression in
the circulation and function as bona ﬁde modulators of 30-UTR
activity of the core clock gene Bmal1 [22,26,27]. The function and
trans-acting properties of these miRNAs on peripheral circadian
clocks were explored using in vitro models by determining
whether: miR-142-3p and miR-494 modulate endogenous BMAL1
protein levels and alter ensemble clock gene rhythms; overexpres-
sion of miR-142-3p and miR-494 increases their extracellular
abundance in culture medium collected from transfected cells;
exposure to miR-142-3p- and miR-494-enriched conditioned med-
ium increases intracellular expression of these miRNAs and elicits
functional effects in recipient cells; and exocytosis or endocytosis
inhibitor-induced disruption of vesicular communication affects
transport of miRNAs between cells and ensemble clock gene
rhythmicity.2. Materials and methods
2.1. Cell culture and transfections
NIH/3T3 ﬁbroblasts, Per2Luc ﬁbroblasts and HEK293 cells were
grown in Dulbeco’s Modiﬁed Eagle Medium (DMEM; Invitrogen)
supplemented with 292 lg/mL L-glutamine, 4.5 lg/mL D-glucose
and 10% Fetal Bovine Serum (FBS) and maintained at 37 C and
5% CO2. Medium was replaced every 48 h and cultures were
split 1:3/5 every 3–4 days. Transfections were performed with
Lipofectamine 2000 (Invitrogen).
2.2. Experiment 1
Prior to experimentation, NIH/3T3 ﬁbroblasts were seeded onto
6-well plates in DMEM with 5% FBS. Approximately 24 h later, cul-
tures (n = 4) were transfected with non-targeting control-miRNA
construct or a combination of pre-miR constructs for miR-142-3p
and miR-494 (total conc. = 66 nM/well) for 5 h. Forty-eight hours
post-transfection, cells were collected by trypsinization and pellets
were ﬂash frozen for later use in Western blot analysis of pre-miR
treatment effects on BMAL1 protein levels.
The circadian function of miRNAs targeting Bmal1 was exam-
ined by proﬁling bioluminescence in Per2Luc ﬁbroblast cultures on
35 mm dishes (Corning) that were serum shocked for 2 h with 50%
horse serum and then transfected with non-targeting control miR-
NA or with a combination of pre-miR constructs for miR-142-3p
and miR-494. About 24 h post-transfection, cultures were exposed
to DMEM recording media and bioluminescence was recorded as
described previously [28]. In parallel with this analysis of miRNA
effects on circadian clock function, separate cultures of Per2Luc
ﬁbroblasts were established on 6-well plates and about 18 h later
exposed to medium containing 50% adult horse serum for 2 h. Fol-
lowing this serum shock, cells were transfected with non-targeting
control-miRNA construct or a combination of pre-miR-142-3p and
pre-miR-494 miR constructs and 24 h later cultures (n = 3) were
collected every 6 h over a 24 h interval for Western blot analysis
of BMAL1 protein content.
2.3. Experiment 2
Extracellular levels of miR-142-3p and miR-494 were proﬁled
in cultures of Per2Luc ﬁbroblasts that were derived from a single
passage. Fibroblast cultures were expanded as described above
on 60 mm dishes. Prior to experimentation, cells were seeded onto
6-well plates in DMEM supplemented with 5% FBS and about 18 h
later exposed to medium containing 50% adult horse serum for 2 h.Thereafter, ﬁbroblast cultures (n = 6) were maintained in DMEM
with 5% FBS and 24 h after serum shock treatment, experimental
analysis was initiated by collecting and replacing medium
(500 ll) from all cultures at 6 h intervals for 24 h. Media samples
were frozen in liquid nitrogen, stored at 80 C and later analyzed
for miR-142-3p and miR-494 expression by real-time PCR.
2.4. Experiment 3
HEK293 cells were used to assess the relation between intracel-
lular abundance and export or extracellular communication of
miRNAs. Donor cultures were seeded onto 24-well plates (day 0)
and subsequently (day 1) transfected with CmiR001-MR04 control
vector encoding scrambled precursor miRNA (Genecopoeia) or a
combination of miExpress™ precursor miRNA expression clones
for mmu-miR-142 and mmu-miR-494 (n = 4; 0.4 lg of each
plasmid/well) for 4–5 h. After rinsing cultures with calcium-
magnesium-free (CMF) phosphate-buffered saline, aliquots of the
conditioned culture medium were collected at 12 h, 24 h and
36 h post-transfection, and ﬂash frozen for further processing.
To examine uptake or internalization of extracellular miRNAs,
recipient cultures were seeded onto 24-well plates (day 2), rinsed
with CMF (day 3), exposed for 4 h or 8 h to conditioned medium
from donor cells collected 36 h after transfection with the
CmmiR001-MR04 (scrambled control) vector or pEZX-MR04
(miR-142 + miR-494) vectors, and then collected by trypsinization
(n = 4/time point). RNA was subsequently extracted from: (1)
donor cells collected at 36 h post-transfection, (2) donor culture
conditioned medium collected at 12 h, 24 h and 36 h post-transfec-
tion, and (3) recipient cells collected at 4 h and 8 h of exposure to
donor culture conditioned medium.
2.5. Experiment 4
To examine the effects of the endocytosis and exocytosis
inhibitors on vesicular transfer of miRNAs, donor HEK293 cells
were seeded onto 24-well plates (day 0), subsequently (day 1)
transfected for 4–5 h with scrambled control vector or miR-142
expression vector, and then maintained in either untreated medium
or medium containing DMSO or the exocytosis inhibitor, brefeldin-
A (BFA, 0.15 lg/mL) for 36 h (day 3). Recipient HEK293 cultures
were independently seeded onto 24-well plates (on day 2) and
treated (on day 3) with conditioned medium from control- or
miRNA-overexpressing donor cells supplemented with DMSO or
BFA. Conditioned medium from untreated donor cells was supple-
mented with the endocytosis inhibitor dynasore (DYN, 30 lM)
immediately prior to exposure to recipient cells. After 8 h exposure
to conditioned medium treatments, recipient cells were rinsed and
collected by trypsinization. Pellets were ﬂash frozen for subsequent
analysis of intracellular miR-142-3p content by real-time PCR.
Effects of exocytosis and endocytosis inhibitors on circadian
properties of PER2::LUC bioluminescence rhythms were examined
using Per2Luc ﬁbroblast cultures on 35 mm dishes (n = 4 for control
and each treatment) that were serum shocked for 2 h (50% horse
serum) and then maintained in serum-free recording medium
containing either vehicle control (DMSO; 5 lL/mL), exocytosis
inhibitor (BFA; 0.15 lg/mL), or endocytosis inhibitor (dynasore;
40 lM). Following treatment, all cultures were rinsed with CMF,
serum shocked again to synchronize cells and restart ensemble
rhythms, and PER2::LUC bioluminescence was monitored for
another 72 h.
2.6. Protein extraction and Western blot analysis
Cell pellets were homogenized by sonication in mammalian
protein extraction reagent (Pierce Biotechnology) supplemented
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nates was measured using the bicinchoninic acid method (BCA
Protein Assay Kit; Thermo Scientiﬁc Pierce) and BMAL1 protein
levels in cell lysates (50 lg/lane) were assessed by Western blot
analysis using 10% Tris–Glycine gels as described previously [27].
Membranes were probed with rabbit anti-BMAL1 (1:250; Abcam)
or mouse monoclonal antibody against b-actin (1:2000; Sigma–
Aldrich) followed incubation with horse-radish peroxidase-
conjugated donkey anti-rabbit IgG (1:1000) or goat anti-mouse
IgG (1:2000; Jackson ImmunoResearch Laboratories). Enhanced
chemiluminescence signal for BMAL1 was detected using a
FluorChem Gel imaging system (Alpha Innotech Corp.) and
densitometric analyses of size-appropriate immunoreactive bands
were performed using NIH ImageJ software. To control for
inter-sample differences in protein content, signal intensity
measurements for BMAL1 were normalized to b-actin values in
each sample.
2.7. RNA extractions and real-time PCR
Total RNA, including the small RNA fraction, was extracted from
all cell lysate and medium samples (Experiment 2 and 3) using
miRNeasy kit (Qiagen). Quantitative real-time PCR analysis was
performed using cDNA equivalent of 2 ng of total extracted RNA
and Taqman microRNA assays (Applied Biosystems) as described
previously [26]. To control for inter-sample differences in RNA
content and reverse-transcription efﬁciencies, miR-16 was also
ampliﬁed from the same samples using identical parameters. The
comparative CT method was used to calculate the relative
abundance for a given miRNA by normalization to corresponding
miR-16 levels in each sample and to a calibrator consisting of
pooled cDNA from multiple samples.
2.8. Real-time analysis of PER2::LUC rhythms
The temporal patterns of mPER2::LUC bioluminescence
were analyzed using an automated 32-channel luminometer
(Actimetrics) as described previously [28]. Rhythm parameters
were determined from baseline-subtracted data using the damped
sine ﬁt and Levenberg–Marquardt algorithm.
2.9. Statistical analyses
Independent t-tests were performed on all experimental data to
identify statistically signiﬁcant differences between treatment and
control groups (a-value = 0.05). The temporal patterns of extracel-
lular miRNA expression in culture medium were examined for
evidence of circadian variation using statistical analyses that have
been used previously for this purpose [26,27]. Time-dependent
ﬂuctuations in miR-142-3p and miR-494 expression were ﬁrst
identiﬁed by one-way analysis of variance (ANOVA). Paired
comparisons between peak values and those observed during
the preceding or succeeding minimum were analyzed post
hoc for statistical differences using the Newman-Keuls sequential
range test. The a-value was set at 0.05 for these post hoc
analyses.
3. Results
3.1. Experiment 1: miR-142-3p+miR-494 overexpression modulates
endogenous BMAL1 levels and ensemble clock gene rhythms
Consistent with their combinatorial effects in repressing Bmal1
30-UTR activity [26], constitutive overexpression of miR-142-3p
and miR-494 in NIH/3T3 ﬁbroblasts produced a signiﬁcant
decrease (P < 0.05) in endogenous BMAL1 protein levels (33%)relative to values observed in cells transfected with a non-target-
ing control construct (data not shown). Overexpression of these
miRNAs also modulated ensemble rhythms of other clock genes
that are transcriptionally regulated by Bmal1. In Per2Luc ﬁbroblasts
that express clock gene oscillations for multiple cycles in vitro,
combinatorial pre-miR-142-3p and pre-miR-494 transfection
severely disrupted circadian rhythms in PER2::LUC biolumines-
cence. Compared to scrambled control-transfected cells, PER2::LUC
rhythms in pre-miR-142-3p + pre-miR-494-transfected ﬁbroblasts
were marked by a reduction in amplitude (Fig. 1A) and by signiﬁ-
cant increases (P < 0.001) in circadian period of 7 h (Fig. 1B).
Functional implications of miR-142-3p/miR-494 in the molecular
clockworks were examined in parallel by proﬁling the effects of
overexpression on endogenous BMAL1 protein levels throughout
the circadian cycle. In scrambled control-transfected cultures of
Per2Luc ﬁbroblasts, BMAL1 levels ﬂuctuated signiﬁcantly (P < 0.05)
over time (Fig. 1C). Peak BMAL1 content at 0 h was signiﬁcantly
(P < 0.05) and about 1.7-fold higher than the minima at 24 h. In
contrast to control cultures, pre-miR-transfected (miR-142-
3p + miR-494) Per2Luc ﬁbroblasts showed no signiﬁcant variation
in endogenous BMAL1 levels over time (P = 0.568). Moreover,
overexpression of miR-142-3p and miR-494 in Per2Luc ﬁbroblasts
produced a signiﬁcant decrease (P < 0.05) in BMAL1 protein content
at 0 h (25%) relative to the peak value observed in control cultures.
3.2. Experiment 2: temporal proﬁling of extracellular miR-142-3p
and miR-494 expression in vitro
In culture medium collected from serum-shocked cultures of
Per2Luc ﬁbroblasts, circadian ﬂuctuations were observed in the
expression of miR-142-3p (normalized to miR-16) (Fig. 2). Extra-
cellular levels of miR-142-3p in ﬁbroblast-conditioned medium
were marked by a rhythmic pattern in which peak expression
occurred at hour 12. For the circadian rhythm in miR-142-3p
expression, the peak in extracellular levels at hour 12 was signiﬁ-
cantly greater (P < 0.05) by about 2-fold than that observed during
the minima at hour 6 and 18. Levels of miR-494 in conditioned
medium from Per2Luc ﬁbroblasts were similar to the relative
extracellular expression of miR-142-3p but exhibited no signiﬁcant
variation over time (P = 0.146). The oscillation in extracellular
miR-142-3p expression, but not miR-494, is consistent with the
rhythmic expression of this miRNA observed intracellularly in
Per2Luc SCN cells and in serum-shocked NIH/3T3 ﬁbroblasts [22,27].
3.3. Experiment 3: miR-142-3p and miR-494 communication between
cells
Analysis of endogenous baseline miRNA expression revealed
that intracellular expression of miR-494 was signiﬁcantly greater
(P < 0.001) than miR-142-3p expression by 65-fold in untreated
HEK293 cells (Fig. 3A). Intracellular levels of miR-142 and
miR-494 increased signiﬁcantly (P < 0.01) following combinatorial
overexpression of both miRNAs (Fig. 3B). In conjunction with
increased intracellular levels, extracellular expression of miR-
142-3p and miR-494 (relative to miR-16) in conditioned medium
from miR-142/miR-494-overexpressing HEK293 cultures was also
signiﬁcantly higher (P < 0.01) than that exhibited by scrambled
control-transfected cells (Fig. 4). Extracellular miR-142-3p
expression in conditioned medium from miR-142/miR-494-over-
expressing HEK293 cells increased linearly such that miR-142-3p
levels at 24 h and 36 h were signiﬁcantly greater (P < 0.01) than
those observed at 12 h. In a similar fashion, miR-494 levels in
conditioned medium at all timepoints were signiﬁcantly greater
(P < 0.01) in miRNA-transfected HEK293 cultures than in scram-
bled control-transfected cells (Fig. 4). In conditioned medium from
miR-142/miR-494-overexpressing cells, miR-494 expression did
Fig. 1. Effects of miR-142-3p and miR-494 overexpression on ensemble PER2::LUC rhythms and BMAL1 protein levels in cultured ﬁbroblasts. (A) Individual recordings of
ensemble bioluminescence (expressed as detrended baseline-subtracted counts per second) from representative cultures of serum-shocked mPer2Luc ﬁbroblasts transfected
with scrambled control (CONT) or pre-miR-142-3p + pre-miR-494 (pre-miR) constructs (n = 3). (B) Bar graph depicts comparison of the circadian period (mean ± S.E.M.) of the
PER2::LUC bioluminescence rhythms in control and pre-miR-treated Per2Luc ﬁbroblasts. The asterisk indicates that the periods of the PER2::LUC rhythms in the pre-miR-
treated group were signiﬁcantly (P < 0.05) different from those observed in controls. (C) Representative Western blot results and densitometric analysis of BMAL1 protein
levels at 6-h intervals in cultures of serum-shocked Per2Luc ﬁbroblasts transfected with scrambled control (CONT) or pre-miR-142-3p + pre-miR-494 (pre-miR) constructs
(n = 3). Plotted values represent the relative optical density (mean ± S.E.M.) and correspond to the ratios of BMAL1/b-actin immunoreactive signal that were adjusted in
relation to maximal value for each Western blot, which was arbitrarily set at 1. The asterisk indicates that at 0 h BMAL1 protein content in pre-miR-142-3p + pre-miR-494-
transfected cells was signiﬁcantly decreased (P < 0.05) relative to peak levels observed in controls.
Fig. 2. Temporal patterns of extracellular miR-142-3p and miR-494 expression in
conditioned medium from serum-shocked Per2Luc ﬁbroblasts in vitro. Symbols
denote real-time PCR determinations (mean ± S.E.M.) of miR-142-3p (j) and miR-
494 (d) levels in culture medium collected at 6-h intervals from serum-shocked
cultures of Per2Luc ﬁbroblasts (n = 3). The plotted values correspond to the ratios of
miR-142-3p or miR-494 signal normalized to miR-16 levels in which the maximal
value for each miRNA was set at 100%. The asterisk indicates that peak miR-142-3p
levels at hour 12 were signiﬁcantly greater (P < 0.05) than those observed during
preceding or succeeding minima.
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24 h (75-fold increase relative to control values).Experiments analyzing the processing and putative internaliza-
tion of extracellular miRNAs revealed that exposure to conditioned
medium from miRNA-overexpressing donor cells signiﬁcantly
increased (P < 0.001) miR-142-3p levels in recipient HEK293 cul-
tures by 40-fold after 4 h and 35-fold after 8 h, relative to cul-
tures treated with medium from transfected controls (Fig. 5A). In
contrast to miR-142-3p, intracellular miR-494 levels exhibited no
signiﬁcant elevation in recipient HEK293 cells after exposure to
miRNA-conditioned medium (Fig. 5A), presumably because endog-
enous miR-494 expression is relatively high. Consistent with previ-
ous observations on miRNA communication [19,20], the elevated
intracellular miRNA levels in recipient cells appear to retain their
functional activity because following 8 h exposure to miRNA-
containing conditioned medium, HEK293 cells transfected with a
Bmal1 30-UTR reporter (pEZX-MT01) exhibited a moderate but
signiﬁcant repression (P < 0.05) of Bmal1 30-UTR-mediated biolu-
minescence compared to transfected control cells (Fig. 5B).
3.4. Experiment 4: inhibition of vesicular trafﬁcking disrupts miRNA
communication and alters ensemble clock gene rhythms
The role of extracellular communication of miR-142-3p signal-
ing between cells was examined by treating recipient HEK293 cells
with dynasore, an endocytosis inhibitor, immediately before expo-
sure to conditioned medium from miRNA-overexpressing donor
cells, and by exposing recipient cells to miRNA-conditioned
medium from donor cultures treated with the exocytosis inhibitor,
Fig. 3. Effects of miRNA overexpression on intracellular expression of miR-142-3p and miR-494 in HEK293 cells. Bars represent real-time PCR determinations (mean ± S.E.M.)
of intracellular miR-142-3p and miR-494 levels in HEK293 cultures. The plotted values correspond to the ratios of miR-142-3p and miR-494 signal normalized to miR-16
levels in each sample. (A) Endogenous or basal expression of miR-142-3p and miR-494 in untreated HEK293 cells (n = 4). Asterisks denote comparisons in which the
intracellular expression of miR-494 was signiﬁcantly higher (P < 0.05) than miR-142-3p levels. (B) Intracellular expression of miR-494 (left panel) and miR-142-3p (right
panel) in HEK293 cultures (n = 4) transfected with control (CONT) or a combination of the miR-142-3p and miR-494 expression (miRNA) vectors. Fold change in miRNA-
overexpressing HEK293 cells was determined by adjusting the relative miRNA expression in relation to the average for control-transfected cultures, which was arbitrarily set
as 1. Asterisks denote comparisons in which the relative expression of miR-142-3p or miR-494 in miRNA-transfected cells was signiﬁcantly increased (P < 0.05) in comparison
with that found in control cultures.
Fig. 4. Effects of miRNA overexpression on extracellular levels of miR-142-3p and miR-494 in conditioned medium from HEK293 cells. Bars represent real-time PCR
determinations (mean ± S.E.M.) of extracellular levels of miR-142-3p and miR-494 in conditioned medium from HEK293 cultures transfected with control (CONT) or a
combination of the miR-142-3p and miR-494 expression (miRNA) vectors. The plotted values correspond to the ratios of miR-142-3p (left panel) and miR-494 (right panel)
signal normalized to miR-16 levels in conditioned medium collected at 12 h, 24 h and 36 h after transfection. Fold change in HEK293 cells transfected with both miRNA
expression vectors was determined by adjusting the relative miRNA expression in relation to the average for control-transfected cultures at each timepoint, which was
arbitrarily set as 1. Asterisks denote comparisons in which the relative expression of miR-142-3p or miR-494 in conditioned medium was signiﬁcantly higher (P < 0.05) in
miRNA-transfected cultures than in controls.
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from miRNA-overexpressing donor cells signiﬁcantly increased
(P < 0.05) intracellular levels of miR-142-3p (18-fold) in recipient
HEK293 cells relative to that observed in response to control con-
ditioned medium (Fig. 6A). Dynasore-mediated inhibition of endo-
cytosis abolished the effect of miRNA-conditioned medium in
elevating miR-142-3p levels in recipient cells. Following treatment,
HEK293 cells exposed to control or miRNA-enriched conditioned
medium exhibited no signiﬁcant differences in intracellular miR-
142-3p abundance (Fig. 6A). Consistent with a previous report indi-
cating that inhibition of exocytosis abolishes extracellular accumu-
lation of miRNAs in cell cultures [20], no signiﬁcant differences in
intracellular miR-142-3p levels were observed in recipient HEK
293 cells exposed to BFA-treated conditioned medium from control
or miRNA-overexpressing donor cells (Fig. 6A).
In conjunction with the disruption of miR-142-3p trafﬁcking,
inhibition of exocytosis or endocytosis had a modulatory effect on
ensemble circadian rhythmicity generated by Per2Luc ﬁbroblasts.
During BFA treatment, the period of ﬁbroblast rhythms in PER2::
LUC bioluminescence was signiﬁcantly increased (P < 0.001) by7 h relative vehicle-treated controls (Fig. 6B). BFA also induced
severe damping of rhythm amplitude such that no peak in PER2::-
LUC bioluminescence was evident after three days of treatment.
Similarly, dynasore treatment signiﬁcantly increased (P < 0.001)
the period of ﬁbroblast PER2::LUC rhythms by 9 h relative to con-
trol cultures (Fig. 6B). However, dynasore-mediated inhibition of
endocytosis had no effect on the amplitude of ﬁbroblast rhythms
in PER2::LUC bioluminescence. Because both drugs are reversible
inhibitors, it is noteworthy that during post-treatment analysis
the PER2::LUC rhythms in BFA- and dynasore-treated ﬁbroblasts
resembled those observed in vehicle-treated controls. Following
inhibitor treatment, most parameters of the PER2::LUC rhythm
were comparable to control values (P > 0.05) except that a 2 h
increase in circadian period was still evident in dynasore-treated
ﬁbroblasts.
4. Discussion
Recent studies have provided ample evidence for the extracellu-
lar expression of miRNAs, both in the circulation in vivo and in
Fig. 5. Effects of miRNA-conditioned medium on intracellular levels of miR-142-3p and miR-494 and on Bmal1 30-UTR activity in recipient cells. (A) Bars represent real-time
PCR determinations (mean ± S.E.M.) of intracellular miR-142-3p (left panel) and miR-494 (right panel) levels in HEK293 cultures exposed to conditioned medium from
cultures transfected with control (CONT) or miR-142-3p and miR-494 expression (miRNA) vectors (n = 4). Plotted values correspond to the ratios of miR-142-3p and miR-494
signal normalized to miR-16 levels in cells after exposure to conditioned medium for 4 h and 8 h. Fold change in HEK293 cells exposed to miRNA-conditioned medium was
determined by adjusting the relative miRNA expression in relation to the average at each timepoint for cells exposed to control medium, which was arbitrarily set as 1.
Asterisks denote comparisons in which in which intracellular expression of miR-142-3p or miR-494 was signiﬁcantly higher (P < 0.05) in cultures exposed to miRNA-
conditioned medium than in controls. (B) Bars denote normalized bioluminescence (mean ± S.E.M.) determinations from HEK293 cells expressing the pEZX-MT01 control
vector (CONT) or pEZX-MT01 Bmal1 30 UTR vector (Bmal1) in response to treatment for 8 h with miRNA-conditioned medium from cultures overexpressing miR-142-3p and
miR-494 (n = 4). The plotted values correspond to the ratios of ﬁreﬂy luciferase signal normalized to Renilla luciferase activity in the same sample and are represented as a
percentage of the average signal for control vector transfectants, which was set at 100. The asterisk indicates that normalized bioluminescence signal in HEK293 cultures
expressing Bmal1 30-UTR vector was signiﬁcantly reduced (P < 0.05) relative to that observed in control vector transfectants.
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Extracellular miRNAs are packaged in different types of vesicles
including exosomes, microvesicles/microparticles, and apoptotic
bodies [18,32,33,35] or as conjugates with RNA-binding protein(s)
or HDL particles [34,36]. However, it is unclear whether circulating
miRNAs are simply by-products of various pathophysiological
processes [37–39] or whether extracellular miRNAs represent
functionally active moieties. Our data demonstrate that speciﬁc
miRNAs characterized by expression in the circulation and
intracellular repression of the core clock gene Bmal1 [26,27] are
communicated extracellularly via vesicular trafﬁcking and retain
their functional activity in recipient cells. In conjunction with
current evidence for their intracellular effects on ensemble clock
gene oscillation in vitro, these ﬁndings suggest that miR-142-3p
and miR-494 may function as trans-acting cues involved in the
local communication of temporal information between cells.
Importantly, the miRNA expression vectors applied in this study
use the endogenous miRNA biogenesis machinery by coding for
stem-loop premature miRNAs that undergo processing by Dicer
to yield the mature species that are presumably responsible for
the observed increases in extracellular expression of these miRNAs
in conditioned medium. Because recent ﬁndings indicate that miR-
142-3p is preferentially targeted for extracellular vesicle-mediated
transport from various cell types [40], linear increases in
extracellular miR-142-3p may also reﬂect selective extracellular
export of this miRNA from HEK293 cells. It is interesting that
robust increases in extracellular miR-494 expression in
conditioned medium from miRNA-transfected cells produced only
modest elevations in intracellular levels of this miRNA, suggesting
that even in response to experimentally-induced miRNA overex-
pression, homeostatic mechanisms may preferentially up-regulate
the export of excess miRNA molecules and maintain intracellular
miR-494 levels within a narrow range.
The communication of extracellular miRNAs and their func-
tional activity between cells is thought to require protective pack-
aging in membrane-bound particles such as microvesicles and
exosomes because naked miRNAs are rapidly degraded by extra-
cellular nucleases [17,19,20,30]. Dynasore and brefeldin-A were
used to examine the role of membrane-bound vesicles in the com-
munication of extracellular miRNAs and the regulation of ensem-
ble clock gene rhythms because the former disrupts endocytosisby inhibition of dynamin, which is required for clathrin-coating
of endocytic vesicles [41] whereas the latter drug inhibits exocyto-
sis by blocking vesicular transport of membrane and secretory pro-
teins involved in reticulum-Golgi membrane trafﬁcking [42].
Dynasore and brefeldin-A consistently disrupted intracellular
uptake of miR-142-3p from conditioned medium and intercellular
trafﬁcking of this miRNA, respectively. In addition, treatment with
dynasore or brefeldin-A similarly induced large increases in the
period of ﬁbroblast Per2 oscillations. This ﬁnding is compatible
with related observations from Drosophila studies indicating that
mutation of shibire (shi), an ortholog of mammalian dynamin,
produces comparable increases in the free-running period of Dro-
sophila behavioral rhythms [43,44]. Aberrant neurotransmitter
release due to disrupted vesicular communication may provide
an alternative explanation for the observed effects of the shibire
mutation on Drosophila circadian behavior, but has little relevance
to our functional analysis of vesicle-mediated communication
because experiments used a ﬁbroblast cell line that is devoid of
neurons. Thus, our data suggest that vesicle-mediated communica-
tion may play an important role in the intercellular trafﬁcking of
miR-142-3p and its functional activity in the regulation of
ensemble rhythmicity among populations of peripheral circadian
oscillators.
Cell- or tissue-dependent vesicle packaging and trafﬁcking
mechanisms presumably contribute to the speciﬁcity of miR-
142-3p and other miRNAs as intercellular signaling molecules.
Indeed, recent studies indicate that certain miRNAs are selectively
packaged into vesicles [45,46] and exported extracellularly by
some types of cells [14,35,40,47]. In the context of this study, it
is noteworthy that miR-142-3p and miR-494 are among the most
highly enriched miRNA species found in extracellular vesicles from
HEK293T cells, peripheral blood mononuclear cells and MCF7 cells
[40]. In addition, vesicles and exosomes express integral cell mem-
brane proteins characteristic of their parental cells of origin, and
these cell surface markers appear to determine the preferential
capture and uptake of miRNA-containing vesicles by speciﬁc tis-
sues or cell types [48,49]. Thus, speciﬁcity in the extracellular com-
munication of miRNAs and their role in coordinating the molecular
clockworks among circadian oscillators in tissues may be
determined not only by vesicular trafﬁcking processes but also
by the parental cells responsible for generating miRNA-containing
Fig. 6. Effects of exocytosis and endocytosis inhibitors on the communication of extracellular miR-142-3p to recipient cells and the regulation of ensemble PER2::LUC
rhythms in cultured ﬁbroblasts. (A) PCR determinations (mean ± S.E.M.) of intracellular miR-142-3p in recipient HEK cultures exposed to conditioned medium from
scrambled control (CONT) or miRNA overexpressing (miRNA) donor cells in the presence of either vehicle control (DMSO), dynasore (DYN) or brefeldin-A (BFA) (n = 4). Plotted
values correspond to the ratios of miR-142-3p signal normalized to miR-16 levels in cells after exposure to conditioned medium for 8 h. Fold change in HEK293 cells exposed
to miRNA-conditioned medium was determined by adjusting the relative miRNA expression in relation to the average for control medium-exposed cultures for each
treatment, which was arbitrarily set as 1. The asterisk indicates that relative expression of miR-142-3p in DMSO-treated HEK293 cells was signiﬁcantly higher (P < 0.05) in
cultures exposed to miRNA-conditioned medium than in controls. (B) Individual recordings of ensemble bioluminescence (expressed as detrended baseline-subtracted counts
per second) from representative cultures of serum-shocked (SS) mPer2Luc ﬁbroblasts treated with vehicle (DMSO), brefeldin-A (BFA) or dynasore (DYN) (n = 4). The shaded
region on the PER2::LUC proﬁles represents the treatment interval (ﬁrst 3.5 days) followed by post-treatment analysis (SS and last 3.5 days after drug washout). Bar graphs
depict comparisons of the circadian period (mean ± S.E.M.) of the PER2::LUC bioluminescence rhythms during and after treatment in control, brefeldin-A- and dynasore-
treated Per2Luc ﬁbroblasts. Asterisks denote comparisons in which the values for the drug-treated (BFA or DYN) group were signiﬁcantly (P < 0.05) different from those
observed in controls.
V.R. Shende et al. / FEBS Letters 588 (2014) 3015–3022 3021vesicles and target cell-surface receptors that govern the capture of
extracellular vesicles.
Temporal coordination among cell-autonomous circadian clocks
within the SCN and in peripheral tissues is integral to the hierarchi-
cal organization and timekeeping function of themammalian circa-
dian system. Since the circadian pacemaking function of the SCN is
mediated by diffusible factors [50–52], it is likely that cell-to-cell
messengers of time are also important for the local coordination of
autonomous circadian clocks in peripheral tissues. Collectively,
our data implicatemiR-142-3p andmiR-494 as extracellular regula-
tory signals that play a role in thepost-transcriptionalmodulationofthe core molecular clockworks. Hence, these and other miRNAs tar-
geting core clock genes may function as both cis- and trans-acting
signals that locally ﬁne-tune or coordinate circadian timekeeping
machinery among peripheral cell-autonomous clocks.
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